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Sirtuin 2, a mammalian homolog of yeast silent information regulator-2 
longevity regulator, is an oligodendroglial protein that decelerates cell 
differentiation through deacetylating alpha-tubulin. The Journal of 




The central nervous system (CNS) is composed of diverse neuronal and 
glial cell types which differ from each other by morphological features, 
functional roles as well as gene expression. In the process of screening cell 
type-specific genes using one rat hippocampus cDNA library, we identified a 
specific mRNA (F116) which showed unique expression in the dentate gyrus 
and CA3 region of rat hippocampal formation. According to the identical 170 
nt sequence and the same localization in the rat chromosome with rat MCTP1 
(multiple C2 domain and transmembrane regions protein 1) genes, we believed 
that F116 should be one isoform of MCTP1 proteins.  
MCTPs (multiple C2 domain and transmembrane regions proteins) are a 
novel family of proteins containing multiple evolutionarily conserved C2 
domains and one or more transmembrane regions. C2 domains are 
independently folded protein domains of ~120 – 140 amino acid residues that 
specifically bind with Ca2+ and/or phospholipids. They are found in many 
proteins, involved in signal transduction or membrane fusion. Shin et al. (2005) 
have shown the unique functional property of MCTPs as compared to other C2 
domain containing proteins, which is their binding property with Ca2+ but not 
phospholipids. However, the significance of this unique functional property of 
MCTPs in relation with their biological role in vertebrates has remained to be 
explored. In this study, attempt has been made to unravel the possible function 
of MCTP1 in the CNS by mapping its distribution and by in vitro 




Firstly, ISH experiments revealed two distinct mRNA expression 
patterns of MCTP1 protein in rat CNS. The mRNA of clone F116 and F2 
fragment showed neuronal specific, and specifically expressed in CA2, CA3 
and granule cell layer of dentate gyrus in the hippocampal formation. On the 
other hand, the mRNA of F4 fragment, a partial sequence in clone F116, was 
detected not only in neurons, but also in some glial cells in the white matter; 
furthermore, there is lack of CA2 and CA3 specific expression in the 
hippocampal formation. Results from double immunofluorescence experiment 
further proved that the positive glia cell is oligodendrocytes. However, 
according to the sequence alignment result, we have not linked F4 fragment to 
rat MCTP1 protein, and we proposed that it is probably to be a splicing 
variation of MCTP1.   
With the help of the in-house produced anti rat MCTP1 antibody, we 
identified two isoforms of rat MCTP1 proteins and demonstrated the different 
expression patterns in some major rat organs. The results showed both long 
and short isoforms of MCTP1 were expressed in the brain, testis and skeletal 
muscle, but neither was expressed in the liver, spleen, lung and kidney. 
Furthermore, the short isoform of MCTP1 was expressed predominantly in the 
heart and skeletal muscle; whereas, in the testis the long isoform was 
expressed predominantly. Furthermore, our study also showed the change of 
expression profile of MCTP1 during the development of rat brain and muscle. 
The long isoform of MCTP1 was highly expressed and slightly decreased 
throughout the whole process of rat brain development; whereas, the short 




from PD21. In the skeletal muscle, MCTP1_L expression was detected from 
birth but decreased dramatically to a very low level from PD14; MCTP1_S 
appeared only from PD7. Furthermore, results from transmission electron 
microscopy showed immunopositive staining product associated with some 
presynaptic vesicles, mitochondrial membranes as well as the outermost layer 
of myelin sheath.  
The present study showed that overexpression of rMCTP1_S ORF in 
SHEP cells triggered formation of prominent cytoplasmic aggregate-like 
particles. However, the same phenomenon was not observed in B104 cells.  
The present results have demonstrated firstly the existence of two 
isoforms of rat MCTP1 proteins. Secondly, the distinct distribution pattern in 
different tissues and regulated expression profile during rat brain and muscle 
development of rMCTP1 proteins suggest some distinct and important role of 
the two isoforms in vertebrates. Thirdly, the existence of MCTP1 proteins at 
the presynaptic vesicles and mitochondrial membrane in the rat CNS suggests 
their role in synaptic transmission and Ca2+ homeostasis in brain. Fourthly, the 
aggregate-like particles formation in SHEP cells induced by overexpression of 
rMCTP1_S suggests a possible relationship between MCTP1 and 
neurodegenerative diseases. More studies are necessary to better understand 
the detailed MCTP1’s function in different tissues and in relation to synaptic 


















































1. Nervous system 
1.1 Cell types in the nervous system 
The nervous system is a network of specialized cells that communicate 
information about an animal’s surroundings and itself. It processes this 
information and causes reactions in other parts of the body. At the cellular 
level, it is composed of nerve cells (neurons) and glial cells (glia), which aid in 
the function of the neurons. Based on the distinctiveness in anatomical 
distribution and function, the nervous system can be divided broadly into two 
anatomical divisions: the Central Nervous System (CNS) and the Peripheral 
Nervous System (PNS). Neurons are responsive cells in the nervous system 
that generate and conduct impulses between and within the two systems by 
chemical signals. The PNS is composed of two types of neurons, sensory 
neurons and motor neurons, carrying nerve impulses in different directions to 
the spinal cord and brain, which make up the CNS. In response to stimuli, 
sensory neurons generate and propagate signals to the CNS which then 
processes and transmits signals back to the muscles and glands via motor 
neurons, which will respond by appropriate actions. The interconnected 
neurons of the nervous systems are arranged complexly and use 
electrochemical signals and neurotransmitters to transmit impulses from one 
neuron to the next. The interaction of different neurons form neural circuits 
that regulate an organism’s behavior in response to its perception of the 
external environment and what is going on within its body.  
Neurons are the core component cells of the nervous system. They are 




system. There are a number of different types of neurons: sensory neurons, 
which respond to touch, sound, light and several other stimuli effecting 
sensory organs and send signals to the spinal cord and brain; motor neurons, 
which receive signals from the brain and spinal cord and cause muscle 
contractions and affect glands; and interneurons, which connect neurons to 
other neurons within the brain and spinal cord.  
The other main class of cells in nervous system is glia. Because they 
provide support and protection for neurons, they are also known as the “glue” 
of the nervous system. The main functions of glial cells are to surround 
neurons and hold them in place, to supply nutrients and oxygen to neurons, to 
insulate one neuron from another, and to remove pathogens and clear dead 
neurons. They represent a large majority of cells in the nervous system and 
greatly outnumber neurons by 10 to 50 times in the vertebrate CNS. There are 
four main types of glial cells in the nervous system: astrocytes, microglia, 
oligodendrocytes and Schwann cells. Astrocytes are star-shaped supportive 
cells bearing numerous projections. They provide both structural and 
metabolic support to neurons by providing nutrients such as glucose to 
neurons. They are closely associated with the endothelial cells of blood vessel, 
thus contributing to the protective blood brain barrier between the blood and 
brain. Meanwhile, astrocytes can help to maintain or regulate concentrations 
of some ions or transmitters in the extracellular space to protect neurons and 
guarantee normal neuronal functions (Kandel et al., 2001). Besides, astrocytes 
also play an active role in the myelinating activity of oligodendrocytes through 




repair through forming a glial scar. Microglia are specialized macrophages 
capable of phagocytosis that protect neurons of the CNS. These cells comprise 
approximately 5-10% of the total glial cells of the CNS (Ling & Leblond, 
1973). They are small relative to other glial cells, with changing shapes and 
oblong nuclei. They are mobile within the brain and activated after brain 
injury, infection or disease. Upon activation, microglia will extend stouter 
processes and may serve as antigen presenting cells in the nervous system 
(Kandel et al., 2001). 
Oligodendrocytes and Schwann cells are two types of cells that coat 
axons in different parts of nervous system with their cell membrane forming a 
specialized membrane differentiation called myelin. Oligodendrocytes 
function exclusively in the CNS. They can extend to up to 50 axons, wrapping 
around approximately 1 mm of each and forming the myelin sheath. Schwann 
cells, on the other hand, exist in the PNS, and can only wrap around one axon. 
The myelin sheath provides insulation to the axon that allows electrical signals 
generated in excited neurons to propagate more efficiently along the shaft of 
myelinated axon (Baumann & Pham-Dinh, 2001).  
1.1.1 Neurons 
Neurons are responsive cells in the nervous system that process and 
transmit information by electrochemical signals. They respond to stimuli by 
communicating the presence of stimuli to the CNS, which then processes that 
information and sends responses to other parts of the body for action. The 




different signals transmitted from the neurons to other neurons or to muscles 
and glands, and result in the complexity and diversity in nervous system. 
Neurons are highly specialized with four morphologically distinct 
regions: the nerve cell body (soma), dendrites, axon and axon terminals. Each 
of these four regions bears distinctly different functions in the generation and 
maintenance of information communication in the nervous system. The soma 
is the central part of a neuron. It contains the nucleus of the cell, and therefore 
is the place for synthesis of most protein. The dendrites of a neuron are 
cellular extensions with many branches, which receive the majority of input to 
the neuron. The axon is specialized branch extending from a neuron, which is 
a long and tubular projection acting like antennas to convey signals to target 
cells. Many neurons have only one axon, but this axon usually will undergo 
extensive branching, enabling communication with many target cells. The 
axon hillock, where the axon emerges from the soma, is also the part of the 
neuron that has the greatest density of voltage-dependent sodium channels 
(VDCC), and therefore is the most easily-excited part of the neuron and the 
spike initiation zone for the axon. The axon terminal contains synapses, which 
are specialized structures where neurotransmitters are released in order to 
communicate with target neurons.  
1.1.2 Oligodendrocytes 
Oligodendrocytes are specialized cells to fulfil the myelination function 
in the CNS. The term oligodendrocyte, or its interchangeable synonym 




describe cells in the CNS that showed few processes in materials stained by 
metallic impregnation techniques. Oligodendrocytes are generated from 
multipotent neuroepithelial cells (Chandran et al., 1998), and their specialized 
myelin-forming function was endowed by a precisely regulated differentiation 
process. Along lineage progression, the sequential and timed expression of 
developmental regulators as well as gradual morphological differentiation 
divides the whole lineage into several distinct genotypic and phenotypic stages 
(Baumann & Pham-Dinh, 2001).  
Oligodendrocytes undergo several distinct stages of differentiation till 
maturated cells with complete function to form myelin sheaths associated with 
multiple axons that facilitate saltatory nerve conductions (Baumann & Pham-
Dinh, 2001; Franklin, 2002). The differentiation stages include precursors, 
pre-oligodendrocytes, pre-maturity oligodendrocytes (immature 
oligodendrocytes), non-myelinating mature oligodendrocytes and myelinating 
mature oligodendrocytes (Baumann and Pham-Dinh, 2001). Different stages 
are characterized by different proliferative capacity, migratory ability and 
morphology (Barry et al., 1996; Baumann & Pham-Dinh, 2001). During these 
stages oligodendrocytes undergo dramatic changes in shapes. They develop 
from mono- or bipolar to multipolar morphology. The result of these changing 
is a highly branched and complex cell which is capable to extend their 
membranes to complete the myelination by spiraling around axons (Pfeiffer et 
al., 1993). On the other hand, a series of molecules are sequentially and timely 
expressed at different differentiation stage. It is noteworthy that upon 




oligodendrocytes specific molecules, such as 2’, 3’-cyclic nucleotide-3’-
phosphodiesterase (CNP), myelin basic protein (MBP), juxtanodin (JN) and 
proteolipid protein (PLP). 
1.2 Myelination  
Myelination is one of the most important natural inventions in the 
nervous system during evolution. The first ensheathed axon may come into 
being around 400 million years ago. These sheaths are made up of lipid-
abundant insulating myelin. Internodes are discontinuous segments distributed 
along axons which are covered with myelin sheaths. In between of these 
internodes are periodic interruptions called nodes of Ranvier, where axolemma 
(surface of axon) are bare. High lipid content of myelin sheaths, low water 
content as well as unique segmental structures enable these myelinated areas 
of axons to be insulated so that action potentials can jump from one 
unmyelinated node to the next rather than transmitting through entire axons. 
This kind of transmission is called saltatory conduction, which improved the 
efficiency and velocity of information transmission largely in the nervous 
system. Three major advantages of this myelinated conduction in the 
vertebrate nervous system include high-velocity conduction, fidelity of 
signaling transduction across long distances and economical space saving. 
With the help of myelination, vertebrates are enabled to bear long axons and 
evolve and distinguish themselves from invertebrates (Kandel, 2001; Baumann 





1.3 Hippocampal formation 
The hippocampus is a brain structure located inside the medial temporal 
lobe of the cerebral cortex. It belongs to the limbic system and plays major 
roles in short term memory and spatial navigation. It operates to implement 
event (e.g., object-and-place and reward-and-place) memory, the recall of 
event memories, and the holding on-line of neuronal activity when the spatial 
view details are obscured. This is proved by some observations in which 
damage to the hippocampus or to some of its connections such as the fornix in 
monkeys produces deficits in learning about the places of objects and about 
the places where responses should be made (Buckley and Gaffan, 2000; Rolls, 
2006). For example, macaques and humans with damage to the hippocampal 
system or fornix are impaired in object-place memory tasks, which required 
the subjects to remember both the objects seen and where they were seen 
(Smith & Milner, 1981; Gaffan & Saunders, 1985; Parkinson et al., 1988; 
Gaffan, 1994; Burgess et al., 2002; Crane & Milner, 2005). Through testing 
the ability to remember where in a scene to touch to obtain reward, it has been 
shown that neurotoxic lesions that selectively damage the primate 
hippocampus impair spatial scene memory (Murray et al., 1998). In addition, 
rats with hippocampal lesions are impaired in using environmental spatial cues 
to remember particular places (O’Keefe & Nadel, 1978; Jarrard, 1993; 
Cassaday & Rawlins, 1997; Martin et al., 2000; Kesner et al., 2004), and to 
utilize spatial cues or bridge delays (Rawlins, 1985; Kesner, 1998; Kesner & 




Many of these memory functions are important in event or episodic 
memory, in which the ability to remember what happened where on typically a 
single occasion is important. It is suggested that an autoassociation memory 
implemented by the CA3 neurons enables event or episodic memories to be 
formed by enabling associations to be formed between spatial and other, 
including object, representations (Rolls, 1989 and 2007).  
Stroke-induced ischemic neuron cell death is caused by excitotoxicity, 
oxidative, nitrosative stresses, ionic imbalance, and apoptotic-like mechanisms 
(Lo et al., 2003). Ischemia leads to tissue infarction within the perfusion place 
of the affected vessels, depletes tissue energy stores, and eventually results in 
neuronal cell death (Endres et al., 2004). Hippocampal CA1 subregion is one 
of the vulnerable regions for selective neuronal death caused by global 
ischemia. Neuronal death in the CA1 pyramidal neurons after global ischemia 
has been shown to occur in a delayed manner (Kirino, 1982), and this 
vulnerability has been attributed to glutamate neurotoxicity activation of 
apoptotic proteins, mitochondrial dysfunction, and oxygen free radicals 
(Sugawara et al., 1999; Hayashi et al., 2003). At the subcellular level, acute 
ischemic neuronal injury is characterized by mitochondrial alteration. Opening 
of the mitochondrial permeability transition pore (MPTP) is triggered in the 
post-ischemic neurons by a variety of molecular events such as intracellular 
Ca2+ overload, ATP depletion, and accumulation of free radicals, which are all 
consequences of mitochondrial dysfunction and impairment of energy 
homeostasis of the neuron (Neumar, 2000). Under ischemic conditions, 




electrolyte disturbances and develops a cellular edema, i.e., a swelling of 
mitochondria. The sudden increase in extracellular K+ is associated with a 
rapid increase of intracellular Ca2+. These abnormal levels of 
intramitochondrial Ca2+ in turn alter the activity of the electron transport chain 
(ETC) complexes leading to an impairment of oxidative phosphorylation with 
reduced ATP levels. High levels of intramitochondrial Ca2+ can also promote 
cytochrome C release, which can activate apoptosis cascade and trigger the 
generation of free radicals, damaging the proteins, lipids and DNA of the cell 
(Fiskum, 2000). 
1.4 Synapse 
Synapses are specialized junctions through which neurons communicate 
to each other and to other non-neuronal cells such as those in muscles or 
glands. They allow the nervous system to connect to and control other systems 
of the body. Most synapses connect axons to dendrites, but there are also other 
types of connections, including axon to cell body, axon to axon, and dendrite 
to dendrite.  
Synapses pass information directionally from a presynaptic cell to a 
postsynaptic cell and are therefore asymmetric in structure and function. The 
presynaptic terminal is a specialized area at the axon terminal of the 
presynaptic cell that contains different kinds of neurotransmitters enclosed in 
small membrane-bound spheres named synaptic vesicles. Synaptic vesicles are 
docked at the presynaptic plasma membrane at regions called active zones. 




immediately opposite to presynaptic terminal. An elaborate complex of 
interlinked proteins forms postsynaptic density immediately behind the 
postsynaptic membrane. Proteins in the postsynaptic density are involved in 
anchoring and trafficking neurotransmitter receptors and modulating the 
activity of these receptors. The gap between the pre- and postsynaptic cells is 
the synaptic cleft. The small volume of the cleft allows neurotransmitter 
concentration to be raised and lowered rapidly (Figure 1.1). (Squire et al., 
2008). 
 
Figure 1.1 Structure of a synapse  
 
VDCC, voltage-dependent calcium channel.  
2. Multiple C2 domain proteins 
2.1 C2 domain 
The C2 domain was originally identified as the second conserved 
regulatory domains of Ca2+ dependent protein kinase C (PKC) (Nishizuka, 




of ~120 – 140 amino acid residues that specifically bind with Ca2+ and/or 
phospholipids.  They are found in many proteins, involved in signal 
transduction or membrane fusion (Nishizuka, 1988; Nalefski & Falke, 1996; 
Ohara-Imaizumi, 1998; Rizo & Sudhof, 1998; Pallanck 2003). The first 
category includes proteins involved in the generation of lipid second 
messengers, such as cytoplasmic phospholipases A2 (cPLA2) (Clark et al., 
1991), phosphoinositide-specific phospholipase C (PLC) (Rhee et al., 1989), 
and phosphatidylinositol 3-kinase (Hiles et al., 1992); in protein 
phosphorylation, such as protein kinase C (Parker et al., 1986; Knopf et al., 
1986); in activation of GTPases, such as Ras-GAP (Trahey et al., 1988); and 
in ubiquitin ligation, such as Nedd4 (Plant et al., 1997). In these proteins, the 
C2 domain is believed to play a regulatory role by mediating the Ca2+-
dependent recruitment of these enzymes to phospholipid membranes. In 
contrast, members of the second category function in membrane traffic 
directly. They are proteins involved in the docking of the synaptic vesicles to 
the plasma membrane and/or their fusion, such as synaptotagmins (Perin et al., 
1990; Perin et al., 1991), rabphilin-3 (Shirataki et al., 1993), RIM (Wang et al., 
1997), and Munc12 (Brose et al., 1995). In addition to these well characterized 
proteins, several open reading frames with C2-domains are reported in 
GenBankTM; however, the biological roles of these genes have not been 
identified. By x-ray diffraction and NMR spectroscopy, the Ca2+ binding 
modes of the C2 domains from synaptotagmin 1 (Syt 1), PKCβ, PLC-δ1, and 
cPLA2 were revealed (Sutton et al., 1995; Essen et al., 1996; Grobler et al., 
1996; Shao et al., 1996; Essen et al., 1997; Perisic et al., 1998; Ubach et al., 




the top loops, which are widely separated in the primary sequences. The Ca2+ 
binding sites are formed primarily by aspartate side chains that serve as 
bidentate ligands for two or three Ca2+ ions.  
2.2 Transmembrane proteins containing C2 domains 
Without exception, all of the signal transduction proteins are soluble 
cytosolic enzymes that include a single C2 domain. In contrast, membrane 
trafficking proteins generally include at least two C2 domains, although a few 
proteins such as the γ-RIM isoforms (Wang & Sudhof, 2003) and some splice 
variants of piccolo/aczonin and intersectin (Wang et al., 1999; Fenster et al., 
2000; Pucharcos et al., 2001) contain only a single C2 domain. These proteins 
can be arbitrarily classified into two groups: transmembrane and soluble 
proteins (Figure 1.2). This report will mainly focus on the first group, which 
includes monotopic transmembrane proteins with a transmembrane region 
(TMR) in either N- or C-terminus. This group of proteins can be further 
identified into four classes of evolutionarily conserved proteins as follows: (i) 
synaptotagmins (Sudhof, 2002; Bai & Chapman, 2004), which are expressed 
in at least 15 isoforms and are defined by the presence of a single N-terminal 
TMR and two C-terminal C2 domains with characteristic sequence motifs; (ii) 
ferlins (Bansal & Campbell, 2004), which contain 3-6 C2 domains and a C-
terminal TMR; (iii) E-Syts (for “extended synaptotagmins”), which resemble 
the topology of synaptotagmins and contain an N-terminal TMR and multiple 
cytoplasmic C2 domains; and (iv) MCTPs (for multiple C2 domain and TMR 
proteins), which contain one or multiple TMRs in addition to the C2 domain 




both C2 domains and a TMR, the two families that have been functionally 
studied (synaptotagmins and ferlins) are found to be involved in membrane 
fusion. E-Syts have not been studied beyond the cloning of one of their 
isoforms (Shin et al., 2005) and the fourth family consists of the MCTPs was 
examined here.  
 
 




Parentheses in the diagram indicate deletion in some isoforms. Numbers in 
parentheses indicate the approximate sizes of proteins and the numbers of 




Synaptotagmins are one of the important groups of proteins containing 
C2 domains. They are a very well-studied family of proteins that play a role in 
vesicle trafficking and membrane fusion and regulate important cellular events 
including synaptic transmission (Ullrich et al., 1994; Mikoshiba et al., 1999; 
Augustine, 2001) and plasma membrane repair (Reddy et al., 2001). 
Synaptotagmins are characterized by an N-terminal TMR, a variable linker, 
and two C-terminal C2 domains (Figure 1.2) (Sudhof & Rizo, 1996). The C2 
domains occupy most of the cytoplasmic region of the synaptotagmins and 
probably act as Ca2+ effector domains.  
All together, thirteen synaptotagmins were identified in vertebrate so far. 
Based on their sequences and properties, the 13 synaptotagmins can be 
grouped into six classes (Geppert et al., 1991; Mizuta et al., 1994; Hilbush & 
Morgan, 1994; Li et al., 1995; Hudson & Birnbaum, 1995; Craxton & Goedert, 
1995; Thompson, 1996; Babity et al., 1997; von et al., 1997; von & Sudhof, 
2001; Fukuda & Mikoshiba, 2001). Extensive works have been performed on 
Syts 1 and 2 (Nonet et al., 1993; DiAntonio et al., 1993; Littleton et al., 1993; 
Geppert et al., 1994; Fernandez-Chacon et al., 2001). It was found that they 
are localized to synaptic vesicles and secretory granules in a largely non-
overlapping pattern (Matthew et al., 1981; Perin et al., 1990; Geppert et al., 




they are essential for the fast, Ca2+-dependent component of neurotransmitter 
release (Brose et al., 1992; Geppert et al., 1994). They are believed to function 
as the main Ca2+ sensor in synaptic vesicle exocytosis by a mechanism 
involving Ca2+ binding to both C2 domains. This was shown by a point 
mutation at the endogenous mouse genome, which caused an approximately 2-
fold decrease in the apparent Ca2+ affinity of Syt 1 and a similar decrease in 
the Ca2+ sensitivity of synaptic vesicle exocytosis, indicating that Ca2+ binding 
to Syt 1 is an essential step in triggering exocytosis (Fernandez-Chacon et al., 
2001). However, Syts 1 and 2 are not the only Ca2+ sensor because some Ca2+-
dependent exocytosis remains in their absence (Nonet et al., 1993; DiAntonio 
et al., 1993; Geppert et al., 1994). In contrast, much less is known about the 
other synaptotagmins, although many of them are abundantly co-expressed 
with Syts 1 and 2 in brain and are evolutionarily conserved. In particular, Syts 
3 and 7 are localized on the plasma membrane opposite to synaptic vesicles 
and exhibit distinct Ca2+ affinities, suggesting that plasma membrane and 
vesicular synaptotagmins may function as complementary Ca2+ sensors in 
exocytosis with a hierarchy of Ca2+ affinities (Butz et al., 1999; Sugita et al., 
2001; Sugita et al., 2002).  
2.2.1.1 Synaptotagmin and neurotransmitter release 
It has long been known that neurotransmitters are released via a process 
regulated by Ca2+ (Katz, 1969). Subsequent work demonstrated that this kind 
of secretion is mediated by exocytotic discharge, resulting from the fusion of 
neurotransmitter-filled synaptic vesicles with the plasma membrane of the 




this exocytosis is triggered by an increase in the concentration of Ca2+ within 
presynaptic terminals (Miledi, 1973). This triggering Ca2+ flows into 
presynaptic terminals through the voltage-gated calcium channel (VGCC), 
which is in close proximity to the sites of exocytosis (Augustine et al., 1987).  
Ca2+ is thought to trigger exocytosis by binding to a Ca2+ selective receptor 
protein within the presynaptic terminal (Silinsky, 1985). However, even 
though nearly all of the proteins of synaptic vesicles have been identified and 
sequenced and many of their binding partners are now known, the detailed 
molecular basis of exocytosis has so far eluded detection.  
As a Ca2+ binding protein integrated in the membrane of synaptic 
vesicles, synaptotagmin is remained as the most popular candidate responsible 
for neurotransmitter release (Augustine, 2001). The C2A and C2B domains of 
synaptotagmin are each capable of binding more than one Ca2+ ion (Shao et al., 
1998; Sutton et al., 1999). Ca2+ binding to acidic residues on the C2 domains 
of synaptotagmin promotes a number of reactions and some of these reactions 
may provide some hint as Ca2+ sensors for neurotransmitter release. These 
reactions include the Ca2+-dependent insertion of synaptotagmin into 
membranes (Brose et al., 1992; Davis et al., 1999), Ca2+-independent (via its 
N-terminal transmembrane region) (Perin et al., 1991) and Ca2+-dependent 
(via its C2B domain) (Chapman et al., 1996; Sugita et al., 1996; Osborne et al., 
1999) oligomerization (Fukuda & Mikoshiba, 2000), as well as the Ca2+ 
binding enhanced association with plasma membrane SNARE (soluble NSF-
attachment protein receptor) (Bennett et al., 1992; Li et al., 1995; Matos et al., 




additional credence to demonstrate that Syt 1 is an essential Ca2+ sensor for 
fast exocytosis but not for the slow component of exocytosis or for membrane 
fusion in general. First, Syt 1 knockout mice produced a lethal phenotype that 
consisted of a selective loss of fast Ca2+ triggered exocytosis both in 
hippocampal synapses (Geppert et al., 1994) and in chromaffin cells (Voets et 
al., 2001). No other parameter of synaptic membrane traffic examined was 
impaired. The second genetic study was carried out on hippocampal neurons 
of a Syt 1 knockin mouse bearing a point mutation (R233Q) in the Syt 1 C2A 
domain that alters the overall apparent Ca2+ affinity of exocytosis (Fernandez-
Chacon et al., 2001).  
2.2.2 Ferlins 
Ferlins are a new family of mammalian proteins containing several C2 
domains and a single transmembrane domain at their C terminus (Figure 1.2). 
Until now, four genes have been identified that belong to the ferlin family: 
dysferlin, otoferlin, myoferlin and fer1L4 (Jimenez & Bashir, 2007). They are 
encoded by a multiple gene family which shares homology with the 
Caenorhabditis elegans sperm vesicle fusion protein FER-1 (Bashir et al., 
1998; Doherty & McNally, 2003). A subset of the ferlins (i.e. dysferlin, 
myoferlin and FER-1) contains an additional evolutionary conserved domain, 
DysF (Figure 1.3), of unknown function (Ponting et al., 2001).  
FER-1 is a spermatogenesis factor that is specifically expressed in 
primary spermatocytes of C. elegans. Based on the presence of C2 domains 




large vesicles with the plasma membrane (Ward et al., 1981; Achanzar & 
Ward, 1997), the ferlin proteins are predicted to play a role in membrane 
trafficking. Dysferlin was identified as a gene that is mutated in Limb-Girdle 
muscular dystrophy (LGMD) type 2B and Miyoshi myopathy (Bashir et al., 
1998; Liu et al., 1998) and was shown to have a role in the process of 
membrane repair in skeletal muscle cells (Bansal et al., 2003). In addition, 
several studies have also showed that loss of myoferlin activity causes LGMD 
(Britton et al., 2000; Davis et al., 2000, 2005; Doherty et al., 2005) through 
impaired skeletal muscle repair after physical injury. Moreover, examination 
of otoferlin expression in the inner ear of the mouse has revealed association 
of otoferlin to ribbon-associated synaptic vesicles and interaction with the 
synaptic exocytosis protein machinery. Deficient synaptic vesicle fusion as a 
result of otoferlin gene disruption in mice causes profound deafness 
(Yasunaga et al., 1999; Mirghomizadeh et al., 2002; Roux et al., 2006).  
 
 
Figure 1.3 Domain architecture of ferlin proteins 
 
DYSF, dysferlin-like; OTOF, otoferlin-like; FER-1, worm ferlin. The C2 
domains are represented as hexagons and the DysF domain is shown as a 
single unit even though it adopts a complex nested structure. (Cited from 






MCTPs are a novel family of evolutionarily conserved C2 domain 
proteins with unusual Ca2+-dependent properties. They are composed of a 
variable N-terminal sequence, three C2 domains, two transmembrane regions, 
and a short C-terminal sequence. Only short linkers separate the three C2 
domains, whereas a long region connects the C2 domain to the transmembrane 
regions (Figure 1.2). All vertebrates contain two MCTP genes (MCTP1 and 
MCTP2) whose primary transcripts are extensively alternatively spliced, 
whereas invertebrate organisms (C. elegans and Drosophila melanogaster) 
express a single MCTP1 gene. Most of the MCTP sequences, in particular the 
C2 domains, are highly conserved, with the highest degree of conservation of 
MCTPs being in the C2C domain, the second transmembrane region, and the 
short C-terminal cytoplasmic sequence. Analysis of the MCTP sequences from 
expressed sequence tags (est) reveals evidence of at least two sites of 
alternative splicing. First, the linker that separates the C2A and C2B domain 
varies in size dependent on alternative splicing. Second, it was observed that 
in multiple independent clones, alternative splicing of the first transmembrane 
region exists, and this would convert the C-terminal cytoplasmic sequence of 
MCTPs into a non-cytoplasmic sequence (Figure 1.2). The sequence 
alignments show that the N termini of MCTPs are highly variable; furthermore, 
both human MCTP1 and C. elegans MCTP are expressed with two alternative 
5’-sequences (referred to as MCTP1L and MCTP1S and as MCTPL and 





All MCTP C2 domains except for the second C2 domain of MCTP2 
include a perfect Ca2+/phospholipid-binding consensus sequence. However, 
after analyzing their Ca2+ and phospholipid binding properties, Shin et al. 2005 
found that none of the three MCTP1 C2 domains interacted with negatively 
charged or neutral phospholipids in the presence or absence of Ca2+. In 
contrast, Ca2+ titrations monitored via intrinsic tryptophan fluorescence 
revealed that all three C2 domains bound Ca2+ in the absence of phospholipids 
with a high apparent affinity (EC50 of ~1.3-2.3 μM). Therefore, the functional 
properties of MCTPs are unique as compared with other C2 domain proteins 
in that they bind Ca2+ but not phospholipids (Shin et al., 2005).  
 
 
Figure 1.4 Structures of proteins containing multiple C2 domains 
anchored to membranes by a transmembrane region. (Edited from Shin et 
al. 2005) 
The Ca2+ binding properties and structures of MCTPs demonstrate that 
these proteins function in Ca2+ signaling at the membrane. The importance of 




is an essential gene whose ablation leads to early embryonic lethality by RNA 
interference experiments (Maeda et al., 2001). Our studies were only focused 
on MCTP1 proteins.  
3. Calcium signaling in neuronal motility 
During early development of the nervous system, newly born neurons 
undergo extensive migration to build the ordered organization of the nervous 
system (Bronner-Fraser, 1994; Rakic, 1995; Hatten, 1999; Kriegstein & 
Noctor, 2004). After arrival at the targeted region and termination of migration, 
neurons undergo a period of nerve growth that involves the elongation of a 
single axon and multiple dendrites, together with their extensive branching and 
arborization.  Growth cones are specialized motile endings of growing axons 
and dendrites. They navigate through the complex environment of the 
developing tissue until reaching the appropriate region of the brain for 
establishing selective synaptic contacts with target neurons (Tessier-Lavigne 
& Goodman, 1996; Dickson, 2002). Dendritic processes normally do not 
extend over long distances, but nevertheless they elaborate extensive branches 
to cover a large field in order to capture incoming axons and to establish 
synaptic contacts (Cline, 2001; Jan & Jan, 2003; Tada & Sheng, 2006). These 
established synapses will undergo further refinement and remodeling 
throughout the life of the animal, involving the sprouting and retraction of 
axonal terminals and dendritic spines in an activity dependent manner (Jontes 
& Smith, 2000; Gan, 2003; Segal, 2005). These diverse forms of neuronal 
motility – from cell migration to synaptic remodeling – are all achieved 




extracellular cues and intrinsic electrical activity in a spatiotemporally specific 
manner (Zhang & Poo, 2002).    
Calcium ions were well studied as a second messenger inside the cell to 
mediate a wide range of cellular functions. At the resting state, cells maintain a 
baseline of intracellular Ca2+ concentration ([Ca2+]i) at approximately 100nM 
through Ca2+ homeostasis mechanisms. This basal concentration is important 
for cells to respond effectively to various Ca2+ signals elicited by extracellular 
stimuli or membrane depolarizations (Clapham, 1995; Berridge et al., 2003). 
The resting level of [Ca2+]i is maintained by Ca2+-ATPase-dependent uptake 
into internal Ca2+ stores and extrusion out of the cell (Garcia & Strehler, 1999) 
as well as by the Na+/Ca2+ exchanger (Blaustein et al., 1991), which exchanges 
internal Ca2+ with extracellular Na+. Ca2+ signals originate from either Ca2+ 
influx through Ca2+ channel on the plasma membrane or Ca2+ release from 
internal stores such as the endoplasmic reticulum (ER) and mitochondria. 
Voltage-dependent Ca2+ channels (VDCCs) and neurotransmitter-gated 
channels are the best-known Ca2+ channels in the plasma membrane of 
neurons. Many of these channels are involved in regulating neuronal motility.  
After the first Ca2+ signal which is triggered by extracellular stimuli and 
mediated by Ca2+ influx through the plasma membrane, Ca2+ signals are often 
amplified by further Ca2+ release from internal stores. This amplification is 
dependent on the process of Ca2+–induced Ca2+ release (CICR) mediated by 
the ryanodine- and IP3-sensitive channels in the membrane of the internal 
stores (Berridge et al., 2000). With the help of the abundant immobile 




cytoplasm (Blaustein, 1988; Baimbridge et al., 1992). Therefore, Ca2+ signals 
are normally localized by limited diffusion but may become global after 
substantial involvement of internal release. Ca2+ “sparks” are created by local 
increasing of [Ca2+]i which is normally resulted from a limited activation of 
Ca2+ channels in the plasma membrane or the ER. The number and extent of 
activation of Ca2+ channels in both the plasma membrane and the membrane of 
internal stores determine the spatiotemporal properties of cytoplasmic Ca2+ 
signals. The extended morphology of neurons and diverse mechanisms for 
regulating [Ca2+]i enable Ca2+ signals with different spatiotemporal patterns to 
serve unique neuronal functions (Zheng & Poo, 2007).  
4. Scope and objectives of study 
In the beginning of this study, we were trying to screen cell type-specific 
genes using one rat hippocampus cDNA library through ISH mapping method. 
In this process, we have selected the interesting candidate gene, MCTP1, 
which showed unique expression in the dentate gyrus and CA3 region of rat 
hippocampal formation. The scope and objectives of the following studies are 
to unravel the possible function of MCTP1 in the CNS by mapping its 
distribution in the CNS and different major vertebrate organs, as well as by in 
vitro overexpression methods in different neuronal cell lines. Further studies 
are required to discover the detailed function and mechanism of MCTP1 
protein in vertebrate.    
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 1 Materials and reagents 
Cell culture flasks and 6-well plates were purchased from Nalge NUNC 
(Nalge NUNC International, Rochester, NY, USA) or Falcon (Becton 
Dickinson, San Jose, CA). Petri dishes, 24-well plates and 96-well plates were 
purchased from Corning (Costar, Corining, NY, USA). 
Bovine serum albumin (BSA), 4’, 6-diamidino-2-phenylindole (DAPI), 
1,4-Dithiothreitol (DTT), formaldehyde, glycine, Tris base, Tween 20, Triton-
X-100 were all purchased from Sigma-Aldrich (St. Louis, Mo, USA). Fetal 
bovine serum (FBS) and Dulbecco’s modified Eagle’s medium (DMEM) were 
purchased from Invitrogen (Carlsbad, CA, USA).  
2.  Experimental animals 
All animal uses in this study were approved by the Institutional Animal 
Care and Use Committee at the National University of Singapore. For 
antibody generation, three New Zealand White rabbits were injected with 
antigen every two weeks (described as below). Ten days after the sixth 
injection, blood was withdrawn from the rabbits under anesthesia (ketamine 
35mg and xylazine 5 mg/kg body weight). Euthanasia was then administered 
by intracardiac injection of Nembutal (100 mg/kg of body weight). For 
histology, Wistar rats of either sex, aged 10 to 14 weeks and weighing 160-
240 grams were deeply anesthetized with Nembutal (60 mg/kg, i.p.), and 
transcardially perfused with physiological saline (about 50 ml) followed by 
3% paraformaldehyde (or 4% plus 0.1% glutaraldehyde for immuno-electron 
microscopy)  in 0.1M phosphate buffer (800ml, pH 7.4). Brain and spinal cord 
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were dissected and post-fixed in the same fixative for four to six hours at 4°C. 
They were then cryoprotected in 30% sucrose at 4°C for 24 to 48 hours. Forty 
micrometer frozen sections were prepared on a cryostat (for light microscopy) 
or vibratome (for immunoelectron microscopy). For Western blots, the 
animals were anesthetized and euthanized with Nembutal (100mg/kg of body 
weight), and their CNS and other organs were dissected for extracting total 
protein.  
3. Cloning and in vitro expression of rat MCTP1 
Cell-type-specific CNS genes were sought out by in situ hybridization 
histochemistry (ISH). Briefly, cDNA clones (n = 1,500) from a rat brain 
cDNA library (Invitrogen) were sequenced and compared by BLAST searches 
against National Center for Biotechnology Information nucleotide and protein 
nonredundant databases (Altschul et al., 1997). Digoxigenin-labeled cRNA 
probes were synthesized by in vitro transcription against 274 unannotated 
cDNA sequences, and used for ISH on CNS histological sections. A 2.9-kb 
cDNA clone was thereby identified because of its specific expression pattern 
in the rat CNS. This clone shares a same 170 nucleotides with both rat and 
mouse MCTP1 gene at 3’ end; furthermore, the 3’ end of this clone is identical 
with the 3’ untranslated sequence (UTS) of mouse MCTP1 gene. Therefore, 
rMCTP1 (XM_001054964) was identified for further characterization  
The open reading frame (ORF) of rat rMCTP1 was generated by 
connecting of different cloned fragments, which contains overlapped 
nucleotides at opposite ends, from aforementioned cDNA library by




 Name  Sequence (5'-3')  digestion site Remarks 
1 pETrMctp1c_f CGGGATCC tctgggaaagataacagg BamHI Clone nt1811-2002 of rMctp1 ORF 
 pETrMctp1c_r CCCAAGCTT ctactttaccctttcccc Hind III  
2 pXJ_rMctp1_f CGGGATCC atgttagatagctacaggctga BamHI Clone rMctp1 ORF 
 pXJ_rMctp1_r CGGGGTACC ctaaccaaggttgtttttcttcc KpnI  
3 rMctp1_F1_f aaaaagcttgcgtgctcattg  Clone nt354-853 of rMctp1 ORF 
 rMctp1_F1_r gaaatcaaattgctccctccac   
4 rMctp1_F2_f tgccaaaactttgaaccc  Clone nt810-1958 of rMctp1 ORF 
 rMctp1_F2_r gacactgacacacacttcc   
5 rMctp1_F3_f ggaagaagatgacagagatgac  Clone nt1870-end of rMctp1 ORF 
 rMctp1_F3_r gctgggaacagactaaccaag   
6 Mctp1_5'_F caagcactatgttagatagctac  Clone 5' end of rMctp1 ORF 
 Mctp1_5'_R gatggtcaatgagcacgcaa   
7 Mctp1_5'_F1 caagcactatgttagatagctacaggctgaaaagtttctgcaatttaccgctcgtttgtcataagaaaataaatccagtcgaaaccagtaatgcagatgtacctttggctgatcc 
8 Mctp1_5'_F2 ccaattttaaacttcacatatggatcactggtccctcctcgatcacgggcagctaaactttgaccccttcttagtgtgatgtccaactggtacattccgggatcagccaaaggtacatctgc 
9 Mctp1_5'_F3 cagtgatccatatgtgaagtttaaaattggaagaaaagaagtttttagaagtaaaattatccacaagaacctaaatcctgtgtgggaggaaaaagcttgcgtgctcattgaccatc 
Table 2.1 Primers and oligos used for cloning and in vitro expression of rMctp1. 
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polymerase chain reaction (PCR) and the primers used are listed in Table 2.1. 
It is noted that the 5’ end of this gene was generated by connecting three 
synthetic oligos, each of which is around hundred nucleotides in length. The 
result was verified by Big-Dye terminator sequencing reaction. The 
nucleotides 810-1958 of rMCTP1 ORF was selected to generate cRNA probes 
by in vitro transcription (4th pair of primers in Table 2.1) for ISH. And the 
nucleotides 1811 to 2002 of rMCTP1 ORF, encoding the C terminus fragment 
of rMCTP1 (rMCTP1c), was amplified by PCR (1st pair of primers in Table 
2.1) and subcloned into pET41a vector (Novagen. Madison. WI, USA) for in 
vitro expression of GST tagged recombinant protein. The GST-rMCTP1c 
fusion protein was affinity purified with Glutathione SepharoseTM 4B (GE 
Healthcare. GE. UK) and used to immunize adult New Zealand white rabbits 
(n=3) for the generation of anti-rMCTP1 polyclonal antibody (pAb). For 
expression in mammalian cells, rMCTP1 ORF was amplified and cloned in 
between BamHI and KpnI sites of pXJ40-HA (Manser et al., 1997), creating 
HA-rMCTP1 overexpressing vector (2nd pair of primers in Table 2.1).  
4. Antibodies 
For purification of the rabbit anti-rMCTP1 polyclonal antibody, the 
GST-rMctp1c575-638 recombinant protein was resolved by SDS-PAGE, 
transferred to polyvinylidene difluoride membranes (PVDF, PerkinElmer) and 
used for affinity purification of anti-rMctp1 antibody. In detail, the membrane 
containing the recombinant protein was stained with ponceau S and the protein 
bands were excised and minced into small pieces. These slices were then 
incubated with the antiserum from aforementioned rabbits after six times 
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immunization [diluted with equal volume of ice cold phosphate buffered saline 
(PBS)] at 4°C for overnight. The immunoglobulin bound to these slices was 
eluted by three times washing with Glycine-HCl (pH 2.5-3.0) elution buffer.  
All other antibodies used in this thesis are commercially available. Anti-
β-actin (WB 1:5000) and anti-neurofilament 200 (ICC 1:1000) were both 
purchased from Sigma-Aldrich. Anti-actin C4 (WB 1:2000), anti-CNPase (2’, 
3’-cyclic nucleotide 3’-phosphodiesterase, ICC 1:200) and anti-GFAP (glial 
fibrillary acidic protein, ICC 1:200) were obtained from Millipore (Billerica, 
MA, USA). Secondary antibodies include goat anti-rabbit and/or mouse IgG 
conjugated to alkaline phosphatase (AP, Millipore) or biotin (Vector Labs, 
Burlingame, CA), and Alexa fluro 488 or 568 conjugated goat anti-rabbit or 
mouse IgG antibodies (Invitrogen).  
5. Cell Cultures 
B104 (a rat neuroblastoma cell line) and SHEP (a human neuroblastoma 
cell line) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, 
GIBCO Invitrogen Corporation), supplemented with 10% (v/v) Fetal Bovine 
Serum (FBS) and incubated at 37°C in 5% CO2. All cell culture plastic wares 
were purchased from NUNC or Falcon (Becton Dickinson, San Jose, CA).  
6. Transfection of cells 
MP-100 Microporator (Digital Bio Technology, Kyonggi, South Korea) 
was used for all the transfection studies in this thesis. For B104 and SHEP 
transfection, cells were kept in DMEM supplemented with 10% FBS until 
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around 80% confluence and detached from flasks by trypsin-EDTA. Cells 
were then washed twice by Ca2+-free PBS and the concentrations of the cells 
were calculated with hemacytometer. For one single shoot with the 10μl 
golden tip, 1x105 cells were collected and resuspended in 10μl Buffer R with 
1μg plasmids. Optimization was performed to determine the three crucial 
parameters for the electroporation, which are pulse voltage, width and pulse 
numbers. These were set as 1700V, 20ms and once for both B104 and SHEP 
cells. The transfection procedures for OLN93 cells is mostly same as for B104 
and SHEP cells except the parameters being set as 1400V, 20ms and twice.  
After transfection, cells were harvested and lysed for Western blotting by 
Mammalian Protein Extraction Reagent (M-PER®, Pierce, Rockford, IL, 
USA), or fixed with 3% paraformaldehyde for immunocytochemistry.  
7. Western blotting 
Cells and animal tissues were lysed by Mammalian Protein Extraction 
Reagent (M-PER®) and Tissue Protein Extraction Reagent (T-PER®) (Pierce) 
respectively, supplemented with HaltTM Protease Inhibitor Cocktail (Pierce). 
In details, the cells were washed twice with ice-cold PBS, then lysed in cold 
lysis buffer and left standing on ice for 20 minutes. After centrifugation at 
13,000 rpm for 20 minutes, the protein supernatant and pellet were separately 
collected and aliquoted and stored at -20°C until further use. The 
concentration of extracted protein was determined by bicinchoninic acid (BCA) 
Protein Assay Kit (Pierce). These samples were resolved by 10% SDS-PAGE 
and transferred to PVDF membranes. After being blocked for one hour at 
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room temperature with shaking by PBS-T-NGS-milk [1xPBS with 0.1% 
Tween 20, 2% normal goat serum and 5% non-fat blocking milk (BioRad, 
Hercules, CA)], membranes were probed with designated primary antibodies 
at 4°C overnight with shaking. On the second day, the membrane was washed 
and incubated with alkaline phosphate-conjugated secondary antibody. 
Immunodetection was performed by using CDP-Star chemiluminescent 
reagent (Roche, Basel, Switzerland) and X-ray films (Kodak, New Haven, CT). 
The intensities of the bands on the film were measured with ImageJ (Image 
Processing and Analysis in Java) software (Wright Cell Imaging Facility, 
Toronto Western Research Institute, Toronto, ON). The ratio of the intensity 
of the bands relative to β-actin or pan-actin was then calculated and used to 
quantify the expression level of the protein. 
8. In situ hybridization histochemistry 
For details, refer to (Liang et al., 2000) and (Zhang et al., 2005). Briefly, 
in vitro transcribed digoxigenin-labeled anti-sence cRNA probes were 
generated using rMctp1 cDNA as template (nucleotides 810-1958 of the open 
reading frame). Free-floating histological sections including various regions in 
CNS were rinsed twice in PBS followed by a wash sequentially with 0.1M 
phosphate buffer (PB, pH7.4, 5 minutes) and 0.3% Triton X-100 (5 minutes). 
They were digested by proteinase K (1μg/ml 0.1M Tris-HCl buffer, pH8.0, 
containing 0.05M ethylenediaminetetraacetic acid, EDTA) for 10 minutes at 
room temperature. Digestion was stopped with 4°C 4% formaldehyde wash for 
5 minutes. After two 15 minutes washes in 0.75% glycine, two 20 minutes 
washes in 2xSSC (saline sodium citrate, pH7.0; 1xSSC consists of 0.15M 
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NaCl and 0.015M Na3C6H5O7·2H2O), and one hour prehybridization at 60°C 
in a hybridization buffer (pH7.0) without probe, the sections were hybridized 
at 60°C for approximately 14-16 hours in a new hybridization buffer (pH7.0) 
that contained one of the digoxigenin-labeled RNA probes. The hybridization 
buffer consisted of 2xSSC, 2% blocking reagent (Boehringer Mannheim, 
Germany), 50% deionized formamide, and 0.1% N-lauroylsarcosine. Probe 
concentrations of 0.8μg/ml were used.   
At the end of hybridization, sections were sequentially washed in the 
following solutions (all containing 0.1% N-lauroylsarcosine): 4xSSC plus 50% 
deionized formamide, 60°C, twice, 15 minutes each; 2xSSC with 50% 
deionized formamide, room temperature once and then 60°C, 20 minutes each; 
0.4xSSC, room temperature once and then 60°C, 15 minutes each.  
To visualize hybridization signals by immunoalkaline phosphatase 
histochemistry, sections were rinsed in 0.1M TBS (Tris-HCl buffered saline, 
pH7.5, 5 minutes), incubated in 0.5% blocking reagent plus 2% normal goat 
serum (NGS in TBS, 60 minutes room temperature), and then in alkaline 
phosphatase-conjugated sheep anti-digoxigenin antibody (1:2000 dilution in 
TBS, pH7.5, plus 1% blocking reagent and 2% NSS, 60 minutes). After four 
washes in TBS plus 0.1% Tween 20, alkaline phosphatase (AP) activity was 
visualized by nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-indolyl 
phosphate (BCIP), which gave rise to a blue precipitate in hybridization-
positive cells. The NBT-BCIP reaction lasted for 6-18 hours at room 
temperature in a substrate solution consisting of 0.33mg/ml NBT, 0.17mg/ml 
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BCIP, 0.045mg/ml levamisole, 20% polyvinyl alcohol (PVA), 0.1M NaCl, and 
0.01M MgCl2 in 0.1M Tris-HCl buffer (pH8.5). After coloration is 
satisfactory, sections were washed three times in TBS, 5 minutes each, and 
then they were mounted on chrome alumgelatin-coated glass slides, air-dried, 
and coverslipped with an aqueous mounting medium. All the reagents and 
enzymes for RNA in vitro transcription and hybridization were purchased 
from Roche.  
9. Immunofluorescence double labeling 
For immunocytochemical staining, cells were seeded on 24-well plate 
one day before with a density of 20,000 cells per well. They were fixed with 
3% paraformaldehyde in PB for 30 minutes at room temperature. After five 10 
minutes washes in PBS, the fixed cells were blocked and permeabilized by 
PBS-T-NGS (6% NGS and 0.3% Triton X-100 in 0.01M PBS) for 60 minutes 
at room temperature. Primary antibodies diluted in PBS-T-NGS were added 
into the cells and incubated at room temperature over night. On the next day, 
after four 15 minutes PBS washes, cells were incubated in the dark with the 
secondary antibodies conjugated with Alexa fluor 488 or 568 at room 
temperature for detecting the primary antibodies. After rinses with PBS, all 
nuclei of fixed cells were routinely stained for 15 minutes with 4’, 6’-
deamino-2-phenylindole, dihydrochloride (DAPI) (200 ng/ml; Molecular 
Probes). Another three times PBS washes were performed before mounting by 
coverslips with gelatin mixture.  
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Immunohistochemical staining was performed in the same way as 
cytochemistry described above. Histological sections were reacted free 
floating during rinsing and incubation, as this method is advantageous in 
achieving a penetrating staining in thick histological sections. Laser-scanning 
confocal microscopy was performed on an Olympus Fluoview FV1000 with 
laser lines of TRITC/Cy3 laser and FITC laser; three dimensional projections 
were generated with the accompanying software.  
10. Immunohistochemistry (IHC) and transmission electron microscopy 
(TEM) 
Refer to (Ling et al., 1992) and (Liang et al., 2000) for detailed protocols 
of immunoperoxidase (avidin-biotin-peroxidase method) and immunoelectron 
microscopy. Briefly for IHC, free-floating histological sections were washed 
several times with PBS at room temperature, followed by 15 minutes 
incubation in 3% H2O2 dissolved in PBS at room temperature to quench the 
blood cells and inhibit endogenous peroxidase activity in order to remove the 
background staining. After another four times wash with PBS, the sections 
were blocked by PBS-T-NGS (6% NGS and 0.3% Triton X-100 in 0.01M PBS) 
for one hour at room temperature. Primary antibodies were dissolved in PBS-
T-NGS and added into the sections for overnight incubation at room 
temperature. On the second day, after four rinses with PBS, the sections were 
incubated with biotinylated secondary antibodies at room temperature for 80 
minutes with shaking. After another four washes with PBS, Avidin-Biotin 
complex (ABC reagent, Vector Lab., USA; 1:100 avidin and biotin in 0.1M 
phosphate buffer with 0.15% triton X-100 and 3% NGS) was used to incubate 
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the sections for 80 minutes at room temperature. Sections were then washed 
four times with 0.05M Tris buffer (TB) pH 7.4-7.6, followed by three to five 
minutes incubation with 0.05% ammonium nickel sulphate [NH4Ni(SO4)2] in 
0.05M TB. Peroxidase activity was visualized by 0.01% H2O2, 0.05% 
ammonium nickelsulphate [NH4Ni(SO4)2] and 0.05% diaminobenzidine 
tetrahydrochloride (DAB·4HCl, Sigma, USA) in 0.05M TB which gave rise to 
a black deposit at the site of immunoreactivity. The reaction was stopped when 
clear signals could be observed (normally incubating for 3-120 minutes) by 
removing the color reaction solution and washing with 0.05M TB. For 
negative control, tissue sections were incubated with 6% normal goat serum 
without the primary antibody. They were processed in the same manner as 
described above for sections treated with primary antibody. The tissue sections 
were finally dehydrated in graded concentrations of alcohol and xylene and 
coverslipped with Permount.  
For TEM, the immunohistochemical signals were detected by similar 
procedures as IHC. The tissue sections with IHC signals were cut into small 
pieces (1-4 mm2) and postfixed in 1% OsO4, pH7.4 for one hour at room 
temperature (performed in fume hood) and dehydrated through an ascending 
series of ethanol at room temperature:  
  25% Ethanol – 5 minutes 
  50% Ethanol – 10 minutes 
  75% Ethanol – 10 minutes 
  95% Ethanol – 10 minutes 
100% Ethanol – 10 minutes  
100% Acetone – 10 minutes (two changes) 
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After dehydration, small sections were infiltrated sequentially with:  
a. 100% acetone : resin (1 : 1) for 30 minutes at room temperature 
(optional); 
b. 100% acetone : resin (1 : 6) for overnight at room temperature; 
c. First change of fresh resin – 20 minutes at room temperature then 
transfer to 40°C for 30 minutes; 
d. Second change of fresh resin – one hour at 45°C; 
e. Third change of fresh resin – one hour at 50°C. 
The sections were then embedded flat in fresh resin and polymerized at 
60°C for 24 hours. Then the tissue samples were cut into 100nm thickness 
ultrathin sections for observation in a CM120 BIOTWIN/STEM electron 
microscope (Micrion, FEI, Philips).  
11.  Data analyses 
All data were verified by at least two repeats of the experiments. 
Immunofluorescence microscopic results were analyzed using a laser scanning 






















































1. Sequence analysis  
In the progress of screening of a rat hippocampus cDNA, several 
plasmids were found to have specific expression pattern in rat CNS. Through 
in situ hybridization technique, the cRNA probe against one of the plasmids 
called F116 showed a unique expression pattern in the dentate gyrus and CA3 
region of rat hippocampal formation. Afterward, F116 was found to contain a 
170 nt sequence which is identical with mouse MCTP1 mRNA (NM_030174) 
and predicted rat MCTP1 mRNA (XM_001054964) (Figure 3.1). Furthermore, 
the 3’ end sequence following this 170 nt in F116 is highly similar with the 3’ 
untranslated sequence in mouse MCTP1 mRNA. However, the 5’ sequence 
before the identical 170 nt in F116 plasmid (F4 fragment) was found to be 
different with both mouse and rat MCTP1 (Figure 3.2). By searching in rat 
genome database, the whole insert of F116 was found in rat chromosome 2, at 
which the predicted rat MCTP1 gene was also located. Furthermore, it was 
already confirmed that there are two isoforms of MCTP1 proteins in human, 
named MCTP1_L and MCTP1_S for long and short isoform of MCTP1 
proteins, respectively. Therefore, we concluded that the insert in F116 plasmid 
is most probably to be a partial sequence of rat MCTP1 gene and the 5’ 
dissimilar sequence is probably to be a transcription variant of this gene. 
Unfortunately, there is only one predicted sequence for rat MCTP1 mRNA 
available in NCBI database, which is XM_001054964 and we believed that 
this is just the short isoform of MCTP1 protein in rat. Identification and 





                 2260                                          2309 
  » F116   (931) AGGAATTAATAAATTTACAAAAAAGCTTCGGAGTCCATATGCAATTGATA 
» rMctp1  (2114) GGGAATTAATAAATTTACAAAAAAGCTTCGGAGTCCATATGCAATTGATA 
» mMctp1  (2260) GGGAATTAATAAATTTACAAAAAAGCTTCGGAGTCCATATGCAATTGATA 
Contig 1  (2260) RGGAATTAATAAATTTACAAAAAAGCTTCGGAGTCCATATGCAATTGATA 
          (2260)                                                    
                 2310                                          2359 
  » F116   (981) ACAATGAACTACTTGACTTCCTTTCCAGAGTTCCTTCAGATGTACAAGTG 
» rMctp1  (2164) ACAATGAACTACTTGACTTCCTTTCCAGAGTTCCTTCAGATGTACAAGTG 
» mMctp1  (2310) ACAATGAACTACTTGACTTCCTTTCCAGAGTTCCTTCAGATGTACAAGTG 
Contig 1  (2310) ACAATGAACTACTTGACTTCCTTTCCAGAGTTCCTTCAGATGTACAAGTG 
          (2310)                                                    
                 2360                                          2409 
  » F116  (1031) GTGCAATATCAAGAACTGAAACCAGATCATTCTCATAGCCCGTATAAAAG 
» rMctp1  (2214) GTGCAATATCAAGAACTGAAACCAGATCATTCTCATAGCCCGTATAAAAG 
» mMctp1  (2360) GTGCAGTACCAAGAACTGAAACCAGATCATTCTCATAGCCCATACAAAAG 
Contig 1  (2360) GTGCARTAYCAAGAACTGAAACCAGATCATTCTCATAGCCCRTAYAAAAG 
          (2360)      +  +                                +  +       
                 2410             2430 
  » F116  (1081) GAAGAAAAACAACCTTGGTTA 
» rMctp1  (2264) GAAGAAAAACAACCTTGGTTA 
» mMctp1  (2410) GAAGAAAAACAACCTTGGCTA 
Contig 1  (2410) GAAGAAAAACAACCTTGGYTA 
          (2410)                   +    
 
Figure 3.1 Identical sequences at 3’ end of F116 plasmid, rat Mctp1 and 
mouse Mctp1 mRNA. 
 
The first line is F116 plasmid from rat hippocampus cDNA library. The 
second line is the predicted rat MCTP1 mRNA sequence (rMctp1), and the 
third line is mouse MCTP1 mRNA sequence (mMCTP1). As shown, this 170 
nt sequence are identical between rMctp1 mRNA and F116, and has highly 




Figure 3.2 Sequence comparisons between F116 plasmid, rat Mctp1 
mRNA and mouse Mctp1 mRNA.  
 
F116 plasmid shared a 170 nt sequence with rat and mouse Mctp1 mRNA, and 
a common 3’ untranslated sequence (3 UTS) with mouse Mctp1 mRNA. Rat 
Mctp1 ORF was generated by connecting four fragments (5’ end sequence, F1, 
F2 and F3, as shown in picture). Digoxigenin-labeled cRNA probes, which 
were complementary to F2 sequence of rat Mctp1 and F4 sequence of F116 
plasmid, were generated by in vitro transcription, and used for in situ 




According to the sequence from NCBI nucleotide entry XM_001054964 
(Rattus norvegicus Mctp1_predicted, mRNA), we assembled full-length 
sequences for rat MCTP1 by PCR on a rat cDNA library and synthetically 
generated oligos. At the begining, the gene was cloned separately in four parts, 
which were 5’ end sequence (nucleotide 1 to 380), F1 (nucleotide 354 to 853), 
F2 (nucleotide 810 to 1957) and F3 (nucleotide 1870 to the end). Each of the 
four fragments contains some overlapped nucleotides with its coterminous 
fragment. The 5’ end sequence was generated by connection of three 
synthetically generated oligos from Sigma Aldrich. The other three fragments 
were cloned from a rat hippocampus cDNA library, and the primers used were 
listed in Table 2.1. The final connected rMCTP1 ORF was confirmed by 
cyclic sequencing.  
2. mRNA expression of MCTP1 in rat CNS revealed by ISH  
 
In order to map and confirm the mRNA expression pattern of MCTP1 in 
rat CNS, digoxigenin-labeled cRNA probes for in situ hybridization (ISH) 
were generated against F2 sequence of rat MCTP1 and F4 sequence of F116 
plasmid (Figure 3.2). However, these two cRNA probes revealed two 
different mRNA expression patterns in rat CNS.   
2.1 mRNA expression of F2 fragment in rat CNS 
Figure 3.3 showed the ISH result using cRNA probe against rMCTP1 F2 
fragment. The resulted expression pattern is similar as the ISH result using 
cRNA probe against the whole F116 plasmid. All positive staining was 





Figure 3.3 Distribution of F2 mRNA in rat CNS  
 
In situ hybridization histochemical photomicrographs showing expression of 
F2 mRNA in representative CNS regions, including cerebrum (A), cerebellum 
(B, E), hippocampal formation (C), parietal cortex (D), brain stem (F) and 
spinal cord (G, H, I). Abbreviations: 2, layer 2 of cortex; BS, brain stem; CA1, 
CA2 and CA3, different fields of the hippocampus; CPu, caudate putamen; 
Crbll, cerebellum; GM, gray matter; Gr, granule cell layer of cerebellar cortex; 
GrDG, granule cell layer of dentate gyrus; Hipp, hippocampus; I-VI, layers of 
cerebral cortex; M1, primary motor cortex; M2 secondary motor cortex; Mol, 
molecular cell layer of cerebellar cortex; Pur, Purkinge cell layer of cerebellar 




white matter. Scale bars: 800 μm in A and B; 200 μm in C and D; 100 μm in E 
to G; 300 μm in H and I.   
 
 
distributed preferentially in layer V of primary and secondary motor cortex 
and primary somatosensory area (Figure 3.3 A and D). It is noteworthy that in 
the hippocampal formation, strong hybridization signals were only found in 
CA2, CA3 and granule cell layer of dentate gyrus, but not in field CA1 
(Figure 3.3 C). In the cerebellum, positive signals were found in both the 
granule and molecular cell layers (Figure 3.3 B and E). Furthermore, 
scattered neurons in the brain stem also showed positive staining. In the spinal 
cord, more intensive signals were found in the large motor neurons in the 
ventral horn than other areas of the spinal cord gray matter (Figure 3.3 G, H 
and I). 
2.2 mRNA expression of F4 fragment in rat CNS 
In contrast, the expression pattern revealed by ISH using cRNA against 
F4 fragment of F116 was quite different. As shown in Figure 3.4, positive 
staining was found not only in neurons, but also some glial cells in the white 
matter. The intensity of hybridization signals was highest in the hippocampal 
formation, cerebral cortex, and spinal cord gray matter, followed by the 
thalamic nuclei, caudate putamen, cerebellar cortex and spinal cord white 
matter (Figure 3.4 A to F). In neocortex, the Mctp1 mRNA-positive cells 
were distributed mainly in layer II, IV and V (Figure 3.4 C). In the cerebellum, 
strong signals were detected in Purkinje cell layer, as well as in the molecular 




localized in the gray matter. They were large sized cells bearing processes; the 
positive cells in the white matter were more variable in external morphology. 
(Figure 3.4 E and F).  
 
Figure 3.4 Distribution of F4 mRNA in rat CNS  
 
In situ hybridization histochemical photomicrographs showing expression of 
F4 mRNA in representative CNS regions, including cerebrum (A), 
hippocampal formation (B), parietal cortex (C), cerebellum (D), and spinal 
cord (E and F). Abbreviations: CPu, caudate putamen; GM, gray matter; Gr, 
granule cell layer of cerebellar cortex; GrDG, granule cell layer of dentate 
gyrus; Hil, hilus of the dentate gyrus; Hipp, hippocampus; I-VI, layers of 
cerebral cortex; Mol, molecular cell layer of the dentate gyrus (B) or cerebellar 
cortex (D); Or, stratum orient; Pur, Purkinge cell layer of cerebellar cortex; 
Pyr, stratum pyramidale; Rad, stratum radiatum; SC, spinal cord; Thal, 
thalamus; WM, white matter. Scale bars: 800 μm in A; 200 μm in B to D and 




3. Generation of rabbit polyclonal anti-rMCTP1 antibody 
3.1 Expression of recombinant GST-MCTP1c protein 
The rat MCTP1 mRNA contained an open reading frame encoding a 
731-amino-acid protein. The C terminus of rat MCTP1 (amino acid 575-638, 
MCTP1c) bears a high antigenicity and hydrophilicity score. Therefore, a 
polyclonal antibody against this part of rat MCTP1 protein was generated. 
Firstly, the cDNA sequence of this part was cloned by PCR using the first pair 
of primers in Table 2.1, and the PCR product was then inserted in between 
BamHI and HindIII sites of pET41a vector. After transforming this 
recombinant plasmid into BL21 DE3 host cells and inducing the expression of 
recombinant protein by addition of 1mM IPTG for two and a half hours at 
30°C, high level of GST-MCTP1c was expressed. The recombinant GST-
MCTP1c protein was affinity purified with Glutathione SepharoseTM 4B and 
eluted three times by glutathione elution buffer. The purified protein was 
checked by SDS-PAGE and the result was shown in Figure. 3.1 A. This 
recombinant protein was cut from the SDS polyacrylamide gel and used to 
inject the rabbit for generation of polyclonal rabbit anti-rMCTP1 antibody 
(refer to Material and methods for details).  
3.2 Specificity tests of rabbit anti-rMCTP1 antibody 
The specificity of this in-house anti-rMCTP1 antibody was tested by 
Western blots analyses. Recombinant GST-MCTP1c (~37 kDa) could be 
successfully detected by this affinity-purified anti-rMCTP1 antibody (Figure. 
3.1 B, first lane). On the same blots, the antibody detected two bands which 




3.1 B, second and third lane), and we considered these two bands as the two 
isoforms of MCTP1 proteins, MCTP1_S for the short isoform and MCTP1_L 
for the long isoform, respectively. In contrast, preimmune serum could not 
reveal immunoreactivity at this position (result not shown).  
 
Figure 3.5 Generation of rabbit anti-rMCTP1 antibody 
(A) pET-MCTP1c (nt1811-2002) plasmid was transformed into BL21 (DE3) 
host bacteria and recombinant GST-MCTP1c protein was induced to 
express by addition of 1mM IPTG for two and a half hours at 30°C. The 
expressed GST-MCTP1c fusion protein was GST-affinity purified 
through three times elution and confirmed by SDS-PAGE. Arrow points 
to an abundantly expressed protein band, which was proposed to be 
GST-MCTP1.  
(B) The Western blot, showing specificity tests of rabbit polyclonal anti-
rMCTP1 antibody. Labels above indicate the origins of protein sample, 
which were recombinant GST-MCTP1c protein expressed in E.coli, rat 
brain and muscle lysate respectively. The antibody used for 
immunoblotting detection (IB) was purified from rabbit serum after five 
times GST-MCTP1c immunization. The dilution factor was 1:200. 
Arrowhead points to the position of GST-MCTP1c. Double arrows 
indicate the two MCTP1 isoforms detected by rabbit anti-MCTP1 






4. Tissue distribution of MCTP1 protein 
Data bank analysis revealed that the expressed sequence tags encoding 
MCTP1 were isolated from a large number of tissues such as brain, bone 
marrow, pancreas, spleen, thymus, placenta, blood vessel, and kidney. To test 
if the protein encoded by the MCTP1 mRNA is actually synthesized and 
determine which tissues contain the highest steady-state levels of this protein, 
we performed immunoblotting experiment using in-house anti-rMCTP1 
antibody for various rat tissues. Protein samples from rat CNS (cerebrum, 
cerebellum and spinal cord) and other eight different tissues were harvested by 
T-PER® and the overall tissue distribution of MCTP1 protein was tested by 
Western blots (Figure 3.6). On the blots probed with this anti-rMCTP1 
antibody, both long and short isoforms of MCTP1 were detected in brain 
protein sample, testis and skeletal muscle tissues. Whereas, only the short 
form of MCTP1 protein was detected and expressed strongly in heart, but 
weakly in skin. Furthermore, no detectable expression of MCTP1 protein was 
found in liver, spleen, lung and kidney tissues. It is noteworthy that in skeletal 
muscle, the short isoform of MCTP1 was expressed predominantly; however, 
the expression pattern was opposite in testis. Because of the limited sensitivity 
of the antibody, the results do not exclude the possibility of a low amount of 
expression of MCTP1 in other tissues. Nevertheless, the results clearly 
demonstrate that by far the highest levels of MCTP1_S are present in tissues 
with excitable cells, such as the brain, muscle and heart. The different 
distribution pattern of the MCTP1 isoforms in different tissue may suggest 





Figure 3.6 Distribution of rat MCTP1 protein in different tissues 
In this multi-tissue Western blots, samples from rat CNS and other eight 
different tissues were probed with rabbit polyclonal anti-rMCTP1 antibody or 
anti-pan-actin antibody. Each lane was loaded with 30 μg of soluble tissue 
lysate. Signals for pan-actin served as loading controls. Long isoform of 
MCTP1 protein (Mctp1_L) was detected from rat brain, testis and very little in 
skeletal muscle; however, short isoform of MCTP1 protein (Mctp1_S) was 
found in rat brain, heart, testis, skeletal muscle and skin tissues. Liver, spleen 
and lung have no detectable expression level of MCTP1 proteins.  
 
 
5. Postnatal expression profile of MCTP1 in rat brain and muscle  
 
To investigate the developmental expression of MCTP1, protein samples 
of the brain and muscle from rats aged 0, 3, 7, 10, 14, 21, 28 postnatal days 
(PD) and adult were subjected to Western blots. In the brain lysate, the 100 
kDa MCTP1_L was highly expressed at PD0 but was progressing decreased 
throughout the whole process of the brain development. On the other hand, the 
83 kDa MCTP1_S was only moderately expressed at PD14, but was sharply 
increased at PD21 (Figure 3.7).  In the skeletal muscle, the signal for 
MCTP1_L was detected at PD0; it was decreased dramatically to very low 




peaking transiently at PD28 but declined slightly at adult (Figure 3.8). The 
regulated expression profile of MCTP1s during rat brain and muscle 
development suggests an important role of MCTP1s at different 
developmental stages.  
Figure 3.7 Developmental expressions of MCTP1 proteins in rat CNS 
 
(A) Western blots analyzing the expression profiles of MCTP1 in postnatal 
day 0, 3, 7, 10, 14, 21, 28 rat whole brain and adult rat cerebrum, 
cerebellum and spinal cord, respectively. Each lane was loaded with 30 
μg of soluble tissue lysate. The β-actin signals in the lower panel work as 
the loading controls.  
(B) Quantitative analyses of expression levels of MCTP1 relative to β-actin 




                      
 
Figure 3.8 Developmental expressions of MCTP1 proteins in rat skeletal 
muscle tissue 
 
Western blots analyzing the expression profiles of MCTP1 in postnatal day 0, 
3, 7, 10, 14, 21, 28 and adult rat skeletal muscle tissue. Each lane was loaded 
with 20 μg of soluble tissue lysate. Signals for pan-actin served as loading 
controls.  
 
6. Distribution of MCTP1 proteins in rat CNS revealed by IHC  
Immunohistochemical experiment using avidin-biotin-peroxidase was 
performed on rat brain slice using the in-house anti-rMCTP1 antibody. 
According to the morphology and the distribution of the cells with MCTP1 
immunoreactivity, this protein was found in most neurons in the CNS, 
including hippocampus, cerebellum, cortex and thalamus. As shown in Figure 
3.9 A, in neocortex, MCTP1 protein expression is distributed more intensely 
in layer II, but is also detectable in other layers. In this region, the expression 
of MCTP1 in neuronal process is not as strong as that in cell body. In the 
hippocampal formation (Figure 3.9 B, C, D and E), although the signal can 
be detected in both CA1, 2, 3 and dentate gyrus, it is evident that the signal in 
CA3 is more intense than in CA1. Furthermore, strong positive signal was not 





Figure 3.9 Distribution of MCTP1 proteins in rat CNS  
 
Immunohistochemical photomicrographs showing expression of MCTP1 
protein in representative CNS regions, including cerebrum (A), hippocampal 
formation (B, C, D and E), cerebellum (F and G), thalamus (H) and spinal 
cord (I and J). Abbreviations: GM, gray matter; Gr, granule cell layer of 
cerebellar cortex; GrDG, granule cell layer of dentate gyrus; Hil, hilus of the 
dentate gyrus; Hipp, hippocampus; I-III, layers of cerebral cortex; Mol, 
molecular cell layer of the dentate gyrus (B) or cerebellar cortex (G); Or, 
stratum oriens; Pur, Purkinge cell layer of cerebellar cortex; Pyr, stratum 
pyramidale; Rad, stratum radiatum; SC, spinal cord; Thal, thalamus; WM, 
white matter in cerebellum (F) and spinal cord (I and J). Scale bars: 50 μm in 






in these regions. In the cerebellum, strong signals were found in Purkinje cell 
layer. The signals were also dispersed into the molecular cell layer (Figure 3.9 
G). In the spinal cord, more intensive signals were found in the large motor 
neurons of the ventral horn than in the other areas of spinal cord gray matter 
(Figure 3.9 I). In the white matter, however, MCTP1 immunoexpression was 
localized mainly in small cells with variable external morphology. (Figure 3.9 
I and J). Because our in-house antibody can recognize both short and long 
isoforms of MCTP1, the resulted protein expression in the rat CNS is believed 
to be a combination of two MCTP1 isoforms expression. 
7. Subcellular localization of MCTP1 revealed by TEM 
In order to determine the subcellular localization of MCTP1 in the rat 
CNS, transmission electron microscopy was conducted. By immunoelectron 
microscopy, MCTP1 immunoreactive product was associated with the 
presynaptic vesicles (Figure 3.10 A to C), mitochondrial outer membrane and 
cristae (Figure 3.10 D), the outermost layer of myelin sheath (Figure 3.10 E), 
and oligodendrocytes in the white matter (Figure 3.10 F). Electron-dense 
immunoreactive product was also occasionally found in the endoplasmic 






Figure 3.10 MCTP1 localization in the CNS under electron microscope 
 
Panel (A) to (C) are immunoelectron micrographs of cerebral cortex or 
thalamus showing MCTP1 immunoreactive product associating with 
presynaptic vesicles (denoted by arrows).  
(D) to (F) are immunoelectron micrographs of spinal cord showing MCTP1 
immunoreactivity in mitochondria (D), the outermost layer of myelin sheath 
(E), and one typical oligodendrocyte (F). Scale bars: 0.5 μm in panels A to E, 
2.5 μm in panel F. 
 
 
8. Colocalization of MCTP1 with neuronal and oligodendrocyte markers 
Double immunofluorescence labeling established that MCTP1 
expression in the CNS was primarily confined to neurons and 
oligodendrocytes. Colocalization between MCTP1 and CNPase, a well-
characterized oligodendrocyte marker in the CNS, was seen in the white 
matter of spinal cord (Figure 3.11 A-C). In the cerebral cortex (Figure 3.11 J-
L), cerebellar cortex (Figure 3.11 D-F) and the grey matter of spinal cord 
(Figure 3.11 J-L), MCTP1 was perfectly colocalized with neurofilament 200 




glial fibrillary acidic protein (GFAP), nor in microglia marked by OX42 
(result not shown). 
 
Figure 3.11 Double immunofluorescence staining of MCTP1 plus CNPase 
or NF200 
 
A-L, Double immunofluorescence labeling of MCTP1 (green in all panels) 
plus CNPase (A-C) or NF200 (D-L) in the rat spinal cord white matter (A-C), 
cerebellar cortex (D-F), spinal cord gray matter (G-I) and cerebral cortex (J-L). 
One typical oligodendrocyte was denoted by an arrow in panel A-C. 




In order to locate the nucleus of the cells, DAPI was used and shown in the 
merged panels (C, F, I and L). Scale bars = 50 μm in C, F, I and L (applies to 
all panels).  
 
9. Overexpression of rMCTP1_S in different neuroblastoma cell lines 
Two neuroblastoma cell lines were transfected with pXJ40-HA vector 
containing ORF of rat MCTP1_S or control plasmids. Forty eight hours after 
transfection, the cells were fixed for immunofluorescence staining with 
appropriate antibodies to identify the result of MCTP1_S overexpression. 
Overexpression of MCTP1_S caused formation of aggregate-like particles in 
the cytoplasm of a majority of transfected SHEP cells, a human neuroblastoma 
cell line (Figure 3.12). By contrast, MCTP1_S overexpressed B104 cells, a rat 
neuroblastoma cell line, only showed a perinucleus localization pattern, but 
did not result in very clear aggregate-like particles formation phenomenon 
(Figure 3.13). The transfection of control plasmids in both cell lines did not 
result in any similarity with the above mentioned phenomenon (result not 






Figure 3.12 Overexpression of rMCTP1_S induced cellular aggregate-like 
particles in SHEP cells 
 
Small punctuate aggregate-like particles were triggered by rMCTP1_S 
overexpression in the cytoplasm of SHEP cells. Antibodies or DAPI used for 
staining are indicated in the upper right part of each panel. The colocalization 
of rMCTP1 protein and HA tag on pXJ40-HA vector confirmed that the 
MCTP1 positive signal was not native from the cell itself but from the 
overexpression of the transfected MCTP1_S ORF on pXJ40-HA vector. Scale 






Figure 3.13 No cellular aggregate-like particles were induced by 
overexpression of rMCTP1_S in B104 cell  
 
Overexpression of rMCTP1_S in B104 cell showed a perinucleus localization 
pattern, but did not induce clear cellular aggregate-like particles. Antibodies or 
DAPI used for staining are indicated in the lower left part of each panel. Scale 






































1. Proposed functions of rat MCTP1 
According to the Western blotting results (Figure 3.5 B), we confirmed 
the existence of two isoforms for rat MCTP1 proteins, which are rMCTP1_S 
(~83 kD) and rMCTP1_L (~100 kD). The results are in agreement with the 
finding of two human and C. elegans MCTP1 proteins (Shin et al., 2005), 
which have been described to differ by two alternative 5’ sequences, possibly 
due to the existence of two independent promoters.  
Due to the limited recognition ability of the antibody, we can not map 
the distribution pattern in the CNS for MCTP1_S and MCTP1_L protein 
separately. Furthermore, although by means of ISH, two distinct expression 
patterns in the CNS were revealed by F2 and F4 fragments, we still cannot 
separate the rMCTP1 mRNAs long isoform from the short isoform. By now, 
F4 fragment of F116 has not been linked to either isoform. However, the 
similarity between the ISH results against F2 fragment and F116 plasmid 
provides a possibility that F4 fragment could belong to one of the rMCTP1 
isoforms, which does not contain F2 fragment. Furthermore, the difference in 
ISH patterns between the two probes is also possibly due to the difference in 
probe concentration, and/or non-specificity. Nevertheless, with the results 
from immunohistochemical staining and Western blotting which provided the 
spatial and temporal expression profiles of MCTP1 proteins, we proposed 
some possible functions of MCTP1 protein.  




Firstly, the cRNA probe against F2 mRNA showed a neuronal specific 
expression in the rat CNS. It is distributed more intensely in the primary and 
secondary motor cortex and primary somatosensory area in the cerebrum, as 
well as the large sized motor neurons in the ventral horn in spinal cord (Figure 
3.3). Furthermore, results from TEM showed that positive staining was found 
in some but not all synaptic vesicles at the presynaptic terminals (as shown by 
TEM, Figure 3.10). Together with the well-known function related to the 
synaptic vesicles of other transmembrane C2 domain proteins, such as 
synaptotagmins and otoferlins, our present observations have brought out an 
assumption that MCTP1 may be expressed specifically at some special kind of 
synapse and play an important role in neurotransmitter release. One possible 
candidate is the neuromuscular junction.  
A neuromuscular junction is the synaptic contact between the axon 
terminal of a motor neuron originating in the spinal cord with the motor end 
plate, the highly-excitable region of muscle fiber plasma membrane 
responsible for initiation of action potentials across the muscle’s surface, 
ultimately causing the muscle to contract. In vertebrates, the neurotransmitter 
passing through the neuromuscular junction is acetylcholine, which is filled in 
synaptic vesicles accumulated in the presynaptic active zones of motor nerve 
(Purves et al., 2005). Upon the arrival of an action potential at the axon 
terminal, voltage-dependent calcium channels open and Ca2+ ions flow from 
the extracellular fluid into the motor neuron’s cytosol. This influx of Ca2+ 
triggers a biochemical cascade that causes neurotransmitter-containing 




into the synaptic cleft. The released acetylcholine diffuses across the synaptic 
cleft and binds to its receptors on the motor end plate. Upon binding with 
acetylcholine, the receptors open a pore and allow sodium to flow in and 
potassium ions to flow out the muscle’s cytosol, which produced a local 
depolarization of the motor end plate known as an end-plate potential (EPP). 
This depolarization spreads across the surface of the muscle fiber into 
transverse tubules, eliciting the release of Ca2+ from the sarcoplasmic 
reticulum, thus initiating muscle contraction.  
A great number of experiments have been performed to study the 
relationship between synaptotagmins and synaptic transmission. Genetic 
studies through knockout or mutation of Syt 1 by Geppert et al. (1994) and 
Fernandez-Chacon et al. (2001) have provided evidence for the importance of 
Syt 1 in Ca2+ triggered exocytosis. However, some studies also found in the 
absence of Syts1 and 2, there still remained some Ca2+-dependent exocytosis 
(DiAntonio et al., 1993; Nonet et al., 1993; Geppert et al., 1994). Otoferlin, a 
new member of transmembrane C2 domain proteins, are found to localize at 
the ribbon-associated synaptic vesicles. Study also showed its binding 
properties with Ca2+ and the SNARE proteins syntaxin 1 and SNAP25. 
Furthermore, disruption of otoferlin gene causes profound deafness as a result 
of deficient synaptic vesicle fusion at the auditory ribbon synapse (Roux et al., 
2006).  
As another important member of transmembrane C2 domain protein, 




transmission as synaptotagmins and ferlins. Its mRNA specific expression at 
motor neuron, its existence at the synaptic vesicles and relatively high Ca2+ 
affinity in the absence of phospholipids (Shin et al. 2005) provide some 
essential evidence for the abovementioned assumption. Their specific 
expression in spinal cord motor neurons might also bring out its involvement 
and specific function at the neuromuscular junction. Genetic studies such as 
knockout or mutation experiments could be performed to provide direct 
evidence for demonstrating the importance of MCTP1. Like synaptotagmins 
and otoferlin, MCTP1 might also perform its function through binding with 
one or more SNARE proteins in order to induce the fusion of synaptic vesicles 
with membrane. Therefore, it is important to find out the molecular patterns 
interacting with MCTP1. Further studies are necessary to find out the detailed 
biochemical cascade and to demonstrate the role of MCTP1 in synaptic 
transmission.   
1.2 Role in CA3 cells in the hippocampal formation 
An interesting finding in this study was the localization of F2 mRNA 
expression in the hippocampal formation of the rat CNS. Only the CA2 and 
CA3 regions as well as the dentate gyrus in hippocampal formation exhibited 
the positive staining for the F2 mRNA. This observation reminded us of the 
functional difference between CA1 and CA3 pyramidal neurons in 
hippocampal formation, especially the specific function of CA3 neurons for 
event or episodic memories (Rolls, 2007) as well as the vulnerable neuronal 




The vulnerable neuronal death in CA1 subregion is attributed to 
glutamate neurotoxicity activation of apoptotic proteins, mitochondrial 
dysfunction, and oxygen free radicals (Sugawara et al., 1999; Hayashi et al., 
2003). High levels of intramitochondrial Ca2+ as one consequence of 
impairment of mitochondrial function and energy homeostasis of the neuron, 
triggers the opening of mitochondrial permeability transition pore (MPTP), 
which in turn alters the activity of ETC complexes leading to an impairment of 
oxidative phosphorylation with reduced ATP levels and promotes cytochrome 
C release to trigger apoptosis of neurons (Neumar, 2000). Because of the 
existence of MCTP1 on the membrane of mitochondria as revealed by TEM, it 
is possible that MCTP1 plays a role in CA3 neurons to protect it from the 
abnormal levels of intramitochondrial Ca2+ triggered neuronal cell death. 
MCTP1 may execute this function through its Ca2+ binding property. However, 
further studies are required to illustrate this function.  
1.3 Role in excitable cells 
Excitable cells are cells in which the membrane response to 
depolarizations (action potentials) is nonlinear, causing amplification and 
propagation of the action potential. Results from Western blotting clearly 
demonstrated that the highest levels of MCTP1_S are present in all the major 
tissues with excitable cells, such as brain, muscle and heart (Figure 3.6). This 
tissue specific expression suggests a role of MCTP1_S in Ca2+ signaling 




A similar distribution pattern could also be found in sarco(endo)plasmic 
reticulum (SER) Ca2+-ATPases (SERCA), a highly conserved family of Ca2+ 
pumps which actively transport Ca2+ from the cytosol to the SER against a 
large concentration gradient.  It is one important protein related to Ca2+-
induced Ca2+ release (CICR), a process of Ca2+ mobilization as a major 
contributor of action potential-evoked Ca2+ signals in excitable cells (Nabauer 
et al., 1989; Lopez-Lopez et al., 1995; Cannell et al., 1995). In human, 
multiple isoforms of SERCA are generated by developmental or tissue-
specific alternative splicing with three genes. They play a central role in Ca2+ 
signaling through regenerating SER Ca2+ stores, maintaining appropriate Ca2+ 
levels in this organelle and shaping cytosolic and nuclear Ca2+ variations 
which govern cell response (Hovnanian, 2007). The highest expression levels 
of the SERCA-2, found in the brain, cardiac, and slow-twitch muscle, occur in 
the hippocampus as well as the cerebellum, cortex, and thalamus (Miller et al. 
1991). The similar expression pattern and Ca2+ binding property between 
SERCA2 and MCTP1_S, together with the existence of MCTP1 in 
mitochondria suggest that MCTP1 might serve a similar role as SERCA in 
maintaining Ca2+ levels in mitochondria, thus adding another important Ca2+ 
reservoir in excitable cells. Extensive works are required to prove this 
hypothesis.  
 
1.4 Role in oligodendrocytes 
ISH results showed positive staining of F4 mRNA in some glial cells in 
the white matter of spinal cord and cerebellum (Figure 3.4). Both TEM and 




glial cells are oligodendrocytes (Figure 3.11). As an important cell type in the 
CNS, oligodendrocytes undergo a precisely regulated differentiation process 
to fulfill their specialized myelin-forming function. Besides the cell body of 
some oligodendrocytes, positive staining of MCTP1 was also found at the 
outermost surface of the myelin sheath. A number of studies have reported 
mitochondrial defects in myelin sheath related diseases, such as multiple 
sclerosis (MS) and implied a pathogenic role for mitochondria in axonal 
degeneration (Vladimirova et al., 1998; Lu et al., 2000; Dutta et al., 2006; 
Mahad et al., 2008). As a mitochondrial membrane protein, it is suggested that 
MCTP1 protein may be involved in keeping a healthy myelin sheath by 
playing some specific roles in Ca2+ homeostasis between mitochondrial and 
cytosol of oligodendrocytes.  
1.5 Role in testis 
The testis is the only one tissue in which MCTP1_L is expressed 
predominantly (Figure 3.6). As the male generative gland in animals, testes 
are components of both the reproductive system and the endocrine system. 
The major functions of testis are producing sperm and male sex hormones. 
The specialized expression of MCTP1_L suggests a potential role in the 
vertebrate reproductive system, such as sex hormone production and 
spermatogenesis. It remains to be determined whether MCTP1_L is also 
related to the process of the ovum and female sex hormone producing. In this 
connection, Western blotting analysis using ovary sample would be desirable 




1.6 Role in rat early development  
Western blotting results also showed that MCTP1_L protein is expressed 
from the beginning of birth and maintained at a high level till maturation 
(Figure 3.7 and Figure 3.8). This implies a role of MCTP1_L in the early 
development of rat muscle and brain.  
It is well documented that during early development, newly born neurons 
undergo extensive migration to set up the ordered organization of the nervous 
system (Bronner-Fraser, 1994; Rakic, 1995; Hatten, 1999; Kriegstein & 
Noctor, 2004). After arrival at the targeted region and termination of migration, 
these neurons undergo a period of nerve growth that involves the elongation of 
a single axon and multiple dendrites, together with their extensive branching 
and arborization. The whole process of migration and set up is at least partially 
dependent on calcium signaling (see CHAPTER 1 INTRODUCTION for 
details). How MCTP1_L is related to the calcium signaling during early brain 
development through its Ca2+ binding properties remains largely unknown and 
thus awaiting further investigation.  
 
2. Overexpression of rMCTP1_S induce formation of aggregate-like 
particles in SHEP cells 
The present results have revealed that overexpression of rMCTP1_S in 
SHEP cells, a human neuroblastoma cell line, could induce aggregate-like 
particles formation within the cytosol; however, a similar phenomenon was 




Figure 3.13). The differential results are probably due to the differences 
between the two cell lines or between human and rat MCTP1 proteins.  
Rat B104 cells, originally derived from a CNS neuroblastoma, exihibit 
many of the properties characteristic of differentiated neurons, such as 
generation of action potentials, synthesis of neurotransmitters and presence of 
neurotransmitter receptors and neuron specific 14-3-2 protein. They are often 
used as model systems to study cellular or molecular neuronal processes. In 
contrast, cloned from SK-N-SH, SHEP cells have epithelioid qualities and are 
considered less neuronally differentiated. They are highly substrate adherent, 
grow in monolayer cultures, do not form tumors in nude mice, and have a 
finite lifespan. The different differentiation stage of the two neuroblastoma 
cell lines is a possible reason account for the specific aggregate-like particles 
formation in MCTP1_S overexpressed SHEP cells. In the early brain 
developmental stage, the expression of short isoform of MCTP1 was barely 
detected (as shown in Figure 3.7), suggesting that neurons do not require this 
protein at that stage. Therefore, overexpression of this unnecessary protein in 
the neurons at this stage may form aggregates followed by ubiquitinization 
and degradation.  
On the other hand, there is a 46aa sequence between C2A and C2B 
domains that are only present in hMCTP1 but not rMCTP1_S. The 46aa may 
provide a binding site with other proteins for translocation of hMCTP1 protein 
in human neuroblastoma cells. Whereas, rat neuroblastoma cells may rely on 




Nevertheless, abnormal accumulation and aggregation of filamentous 
proteins is always considered as one of the important characteristics shared by 
various neurodegenerative diseases or disorders, such as Alzheimer’s disease, 
Parkinson’s disease, Huntington’s disease, prion diseases and some kinds of 
dementias (Taylor et al., 2002; Selkoe, 2003). Therefore, the formation of 
aggregate-like particles in rMCTP1_S overexpressed SHEP cells remains as 
an attractive property of MCTP1. Further studies are required to determine the 
property of the particles and the actual reason for the aggregate-like particles 
formation.     

















CHAPTER 5  
































1. Conclusions  
Arising from the present study, the following conclusions may be 
reached: 
1. There are at least two isoforms of rat MCTP1 proteins.  
2. Both long and short isoforms of MCTP1 were expressed in the brain, 
testis and skeletal muscle, but neither was expressed in the liver, spleen, lung 
and kidney of rats. Furthermore, the short isoform of MCTP1 was expressed 
predominantly in the heart and skeletal muscles; whereas, in the testis the long 
isoform was expressed predominantly. 
3. During the development of rat brain and muscle, the expression of the 
long isoform of MCTP1 is detectable from the beginning of birth, whereas, the 
short isoform is only detected at the later developmental stage.  
4. In the rat CNS, MCTP1 proteins are found in some but not all 
presynaptic vesicles, mitochondrial membrane and the outermost layer of 
myelin sheath.  
5. Overexpression of rMCTP1_S induced aggregate-like particles 
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2. Future studies 
The current study revealed that in the rat CNS, expression of MCTP1 
was detected in some presynaptic vesicles, mitochondria, as well as the 
outermost layer of myelin sheath. Extensive studies have been performed on 
the other transmembrane C2 domain containing proteins, such as 
synaptotagmins and ferlins. It has been reported that the protein may be related 
to synaptic transmission. However, the function of MCTP1 in the presynaptic 
terminal has remained largely unexplored. Experiments such as 
immunoprecipitation, knockout or mutation study would be necessary to 
unravel detailed biochemical cascade of MCTP1 related synaptic transmission.  
It is striking to note that the mRNA of MCTP1 was only detectable in 
CA2 and CA3 regions in the hippocampal formation. On the other hand, CA1, 
a subregion of the hippocampal formation that is most vulnerable to stroke 
induced ischemia showed a lack of MCTP1 expression. To characterize the 
role of MCTP1 especially in regard to its protection of CA2 and CA3 neurons 
after stroke induced ischemia would be an interesting issue. 
In the present study, the two isoforms of rat MCTP1 showed a 
differential tissue distribution patterns and developmental expression profile. 
However, it awaits further studies to identify the specific function of different 
MCTP1 isoforms in different vertebrate tissues, especially in the excitable 
tissues and reproductive organs and at different developmental stages. 
Overexpression of rMCTP1_S in different neuroblastoma cell lines has 
yielded different phenomena. How exactly this protein can form aggregate-
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like particles in SHEP cells and what properties of the cell line or the protein 
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